This work provides new insight into the regulatory circuits involved in type VI secretion in 19 diverse Vibrio species. Specifically, it is the first study to compare the effects of the two 20 regulatory proteins TfoX and TfoY on the primary or secondary type VI secretion systems of 21 non-cholera vibrios. Importantly, this work also shows that decreased c-di-GMP levels in V. 22 parahaemolyticus lead to TfoY production without changing tfoY transcript levels, thereby 23 indirectly linking TfoY production to surface sensing. 24
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Summary 25
Bacteria of the genus Vibrio are common members of aquatic environments where they compete 26 with other prokaryotes and defend themselves against grazing predators. A macromolecular 27 protein complex called the type VI secretion system (T6SS) is used for both purposes. Previous 28 research showed that the sole T6SS of the human pathogen V. cholerae is induced by 29 extracellular (chitin) or intracellular (low c-di-GMP levels) cues and that these cues lead to 30 distinctive signalling pathways for which the proteins TfoX and TfoY serve as master regulators. 31
In this study, we tested whether the TfoX-and TfoY-mediated regulation of T6SS was conserved 32 in non-cholera species, and if so, how these regulators affected the production of individual 33
T6SSs in double-armed vibrios. We show that, alongside representative competence genes, TfoX 34 regulates at least one T6SS in all tested Vibrio species. TfoY, on the other hand, fostered motility 35 in all vibrios but had a more versatile T6SS response in that it did not foster T6SS-mediated 36 that artificial QstR production was sufficient to induce the T6SS genes in this organism at 248 comparable levels as the upstream regulatory protein TfoX, even in the absence of HapR, while 249 the comEA transcript levels were only partially increased compared to a non-induced WT strain. 250 We therefore hypothesize that this input signal might be conserved in V. fischeri, though missing 251 under the tested conditions. This would lead to a high overall competence-gene induction upon 252
TfoX production but lower comEA transcripts as compared to V. cholerae (Fig. 1E) . 253
Lastly, we determined that the motility of V. fischeri changed upon TfoY production (Fig. 2D) , 254 even though the difference between the TfoY-induced and TfoY-uninduced state was not as 255 pronounced as for V. cholerae (Fig. 1J) . We argue that this might be caused by a basal 256 production level of TfoY in this organism that does not rely on the artificial induction. A higher 257 basal TfoY level would result in a higher basal motility, which would therefore appear as a less 258 pronounced induction upon additional TfoY production. There was also a decrease in motility 259 observable upon TfoX production (Fig. 1D) , which is consistent with the idea of a basal TfoY 260 level, as the expression data showed that TfoX significantly lowered the tfoY transcript levels 261 ( Fig. 2A) . Likewise, TfoY production lowered tfoX transcript levels ( several other Vibrio species contain more than one. We therefore asked whether, and if so how, 273
TfoX and TfoY affect the production of different T6SSs within the same organism. To address 274
this question, we first tested the contribution of these regulators to the two T6SSs (T6SS1 and 275 T6SS2) of V. alginolyticus in an E. coli-killing assay using wildtype (WT) V. alginolyticus or its 276 hcp1 (referred to as ΔT6SS1 throughout the text), hcp2 (referred to as ΔT6SS2 throughout the 277 text), or double mutant as a predator. Consistent with a previous report by Salomon et al. 278 (Salomon et al., 2015) , WT V. alginolyticus did not show interbacterial predation at 37°C on 279 standard LB medium (e.g., without additional salt; Fig. 3A ). Upon production of TfoX or TfoY, 280 however, predation by the WT was significantly increased. This effect was less pronounced but 281 reproducible in the strain that only carried the complete T6SS2 gene set (ΔT6SS1), while a strain 282 that only carried a complete T6SS1 gene set (ΔT6SS2) was not able to kill the E. coli cells, 283 indicating that T6SS1 is non-functional at this temperature. In contrast, both systems were 284 inducible at 30°C, with T6SS1 specifically induced by TfoY and not TfoX, while T6SS2 was 285 responsive to both regulatory proteins (Fig. 3B) . Basic killing activity was also observed in the 286 WT and the mutant lacking T6SS1 but not in a mutant lacking T6SS2, suggesting that T6SS2 is 287 slightly induced under the tested conditions but can be further boosted upon TfoX and TfoY 288 -13 -production (Fig. 3B ). While this finding seems at first glance to contradict a previous study that 289 reported basal activity for T6SS1 (Salomon et al., 2015) , it should be noted that the experimental 290 setup differed in that we used an assay in which the Vibrio are tested at high cell density, as was 291 previously developed for V. cholerae (Borgeaud et al., 2015) Vibrio species (see data below for V. parahaemolyticus). 297
In addition to T6SS activation, we also tested the level of competence genes transcripts and 298 bacterial motility upon TfoX and TfoY induction. As shown in Fig. 3C , a significant TfoX-299 mediated induction of representative competence genes occurred, indicating the protein's 300 conserved action. Notably, the comEA transcript induction levels again turned out to be 301 unexpectedly low compared to the induction levels in V. cholerae (Fig. 1E ). ComEA plays a 302 primary role in ratcheting the DNA into the periplasmic space in competent bacteria (Seitz et al., 303 2014), and we therefore expect that these low transcript levels would lead to insufficient amounts 304 of the ComEA proteins and defective DNA uptake. We speculate that the additional but so far 305 unknown regulatory input required for comEA expression mentioned above (Jaskólska et al., 306 2018) might also be a prerequisite in V. alginolyticus and that this pathway might be non-307 functional in either the strain used in this study or under the tested conditions or both. The 308 motility-inducing phenotype of TfoY, on the hand, was very pronounced in V. alginolyticus, 309 strengthening the idea that TfoY protein levels and a high motility are linked throughout the 310 genus Vibrio, even in organisms that contain lateral flagella in addition to the polar flagellum 311 (McCarter, 2001) . 312 313 -14 -TfoX and TfoY are both dedicated to one specific T6SS in V. parahaemolyticus 314 Lastly, we tested the contribution of TfoX and TfoY to T6SS regulation in V. 315 parahaemolyticus. As for V. alginolyticus, this bacterium also contains two T6SSs, T6SS1 and 316 T6SS2, which were previously shown to be differentially regulated from each other with respect 317 to temperature, salinity, QS inputs and surface sensing (Salomon et al., 2013) . Indeed, T6SS1 of 318 V. parahaemolyticus was found to be most active under marine-like conditions and at low cell 319 densities while system 2 was more adapted to lower salt conditions (e.g., LB medium) and higher 320 cell densities (Salomon et al., 2013) . Notably, these data on T6SS2 regulation and a previous 321 study that suggested T6SS2 was involved in adhesion to host cells were solely based on the Hcp2 322 protein levels (inside and outside the cells), while interbacterial killing activity was not directly In V. parahaemolyticus, both TfoX and TfoY production led to significant E. coli killing (Fig.  334 4A). Interestingly, when testing V. parahaemolyticus strains that contained only a complete 335 T6SS2 gene set (ΔT6SS1) or only all T6SS1 genes (ΔT6SS2), it was clear that TfoX specifically 336 induced T6SS2, while TfoY solely led to T6SS1-mediated prey killing (Fig. 4A ). These data also 337 suggested that the T6SS2 was slightly active in both the WT and the strain lacking T6SS1, even 338 -15 -without TfoX/TfoY production. We then determined that low levels of TfoX or TfoY did not 339 cause this basal activity, as deletion of the indigenous genes did not abolish it (Fig. 4B) . 340
Interestingly, a recent study showed T6SS2-dependent killing of a V. parahaemolyticus strain 341 that lacked a newly identified effector immunity pair (RhsP and RhsPi) by its parental WT strain, 342 even in the absence of TfoX or TfoY induction (Jiang et al., 2018) . These data therefore suggest 343 that the basal activity that we observed against E. coli as a prey in this study might be much more 344 enhanced in killing non-immune siblings compared to other species or, alternatively, that the 345 experimental conditions were different to the current work and that under such conditions the 346 T6SS2 is highly active. Lastly, we cannot exclude the possibility that strain differences or the 347 domestication of certain strains has caused the difference in basal T6SS activity. Notably, the 348 focus of the current study was on the contribution of TfoX or TfoY to T6SS activity, which we 349 unambiguously demonstrate to enhance T6SS activity in V. parahaemolyticus. parahaemolyticus isolates with such luxO mutantions were previously described to be locked in 361 a pathogenic state (Kernell Burke et al., 2015) . To exclude that this has happened in the strain we 362
were working with, we first sequenced luxO and opaR and confirmed that both genes were 363 -16 -mutation free. Additionally, we deleted opaR from the WT strain and compared this strain to its 364 TfoX-or TfoY-inducible derivatives (Table S1) in an E. coli-killing assay. As shown in Fig. 4E,  365 the TfoY-induced prey killing was maintained upon deletion of opaR, while the TfoX-mediated 366 T6SS activity was abrogated. Since OpaR is produced at high cell density, its deletion blocks 367 QS-dependent signalling. We therefore conclude that the WT strain has a functional OpaR and 368 that TfoX-mediated T6SS induction in V. parahaemolyticus requires co-regulation by OpaR, 369 similar to V. cholerae (Borgeaud et al., 2015; Metzger et al., 2016) . 370
Our data suggest that TfoX induces the T6SS2 in V. parahaemolyticus. As previous studies 371
showed that the chitin sensors ChiS, TfoS, and the downstream-regulated small RNA TfoR, 372 which is required for tfoX mRNA translation, are highly conserved in diverse Vibrio species (Li 373 and production in this organism (Salomon et al., 2013) . Based on these data, we speculated that 383 surface sensing, TfoY production, and T6SS1 induction might be linked. To address this 384 hypothesis and especially the link between low c-d-GMP levels and TfoY production, we 385 genetically engineered V. parahaemolyticus to carry a translational fusion between its indigenous 386 tfoY gene and the gene that encodes super-folder GFP (sfGFP). In addition, we included a 387 transcriptional mCherry-encoding reporter gene behind this construct, which, ultimately, allowed 388 -17 -us to monitor the transcriptional and translational control of tfoY. Next, we incorporated either an 389 empty mini-Tn7 transposon (Tn) or transposons that carried arabinose-inducible genes coding 390 for a c-di-GMP-producing diguanylate cyclase (Tn-vdcA) or for a phosphodiesterase (Tn-cdpA) 391 into this strain (Table S1 ). These strains as well as the transposon-deficient parental strain and 392 the WT without any fluorescent protein-encoding genes were then grown in the presence of the 393 inducer arabinose followed by a western blot analysis to visualize the TfoY-sfGFP fusion protein 394 or the transcriptional reporter protein mCherry. Using this approach, we observed that TfoY was 395 produced solely at low ci-di-GMP levels (Fig. 4F) . Importantly, based on the comparable levels 396 of mCherry in all reporter strains, we concluded that the tfoY transcript levels did not 397 significantly change in response to increased or decreased c-di-GMP levels (Fig. 4F ). This 398 finding contradicted a recent study in V. cholerae that concluded that TfoY was induced at both 399 low and high intracellular concentrations of c-di-GMP and that this regulation occurred at the 400 translational and transcriptional levels, the latter due to activation by the c-di-GMP-dependent 401 transcription factor VpsR (Pursley et al., 2018) . We therefore constructed a similar dual 402 translational-transcriptional reporter strain in V. cholerae (Table S1 ) and tested this strain under 403 normal, increased, or decreased c-di-GMP levels. Using this approach, we were able to detect an 404 increase in the TfoY protein under low c-di-GMP levels compared to normal conditions, while 405 an increase in intracellular c-di-GMP did not result in higher TfoY protein levels (Fig. S2) , 406 consistent with our previous findings (Metzger et al., 2016) . Importantly, we also did not observe 407 a change in the transcriptional reporter under high c-di-GMP conditions (Fig. S2) , despite normal 408
VpsR function in the pandemic V. cholerae strain (A1552) used in this study (Yildiz et al., 2001) , 409 which confirmed the data presented above for V. parahaemolyticus. An explanation for this 410 discrepancy might be that we engineered the construct at the native locus of tfoY within the V. In this study, we demonstrated that the link between the TfoX and TfoY regulatory proteins and 432
T6SSs is highly conserved among cholera and non-cholera Vibrio strains (Fig. 5) , highlighting 433 the general importance of these regulators. Interestingly, TfoX induced at least one T6SS in 434 every tested species. Hence, we suggest that chitin-mediated TfoX production (Meibom et al., 435 2005; Metzger and Blokesch, 2016) and the resulting coupling between T6SS-facilitated 436 neighbor killing and competence-mediated DNA uptake (Borgeaud et al., 2015) might be an 437 ancient phenotype maintained in most Vibrio species. In contrast, the effect of TfoY on T6SS 438 -19 -turned out to be more versatile (Fig. 5) . While the c-di-GMP-dependent inhibition of TfoY 439 translation seemed conserved, at least in the two tested Vibrio species (Fig. 4E and Fig. S2 ), the 440 regulons seems to have diverged in the different organisms. Indeed, while TfoY induces both 441 T6SSs in V. alginolyticus and one T6SS in V. cholerae and V. parahaemolyticus (out of two 442
T6SSs present in the latter bacterium), this regulator does not impact the activity of the T6SS of 443
V. fischeri under the tested conditions. Interestingly, several isolates of V. fischeri, other than the 444 squid isolate ES114, contain a secondary T6SS. This T6SS2 is located on a strain-specific 445 genomic island on the small chromosome and was recently shown to contribute to competitor 446 elimination within the host's light organ (Speare et al., 2018 ). While we were unable to 447 genetically engineer the fish symbiont MJ11 strain for technical reasons, it is tempting to 448 speculate that this secondary T6SS2 of V. fischeri might be controlled by the TfoY protein. 
Experimental procedures 457

Bacterial strains, plasmids, and growth conditions 458
The V. cholerae, V. alginolyticus, V. parahaemolyticus, and V. fischeri strains and plasmids used 459 in this study are listed in Table S1 . To construct the counter-selectable plasmid pGP704-Sac-Kan, the aph gene was amplified 498 from a kanamycin-resistance gene (aph)-carrying transposon using primers with overhanging 499
SspI and BsaI restriction sites. A restriction digestion was performed on both the PCR product 500 and the vector pGP704-Sac28, which were subsequently ligated, to replace the bla gene of 501 pGP704-Sac28 with the aph gene, resulting in plasmid pGP704-Sac-Kan (Table S1) . 502
All pBAD-derived plasmids harboring tfoX-strep or tfoY-strep genes from different Vibrio 503 species were constructed in the following way: The genes were amplified with StreptagII-504 encoding primers using gDNA of the respective parental Vibrio strain as a template. The 505 restriction-enzyme-digested PCR product was subsequently cloned into plasmid 506 pBAD/MycHisA (Table S1 ). The resulting plasmids served as templates for fragments 507 containing araC, the arabinose-inducible promoter P BAD , and the given tfoX, tfoY gene, which 508
were subcloned into the mini-Tn7-containing delivery plasmids (Table S1 ). The plasmid 509 pGP704-Tn-Cm R is a derivative of pGP704-mTn7-minus-SacI (Nielsen et al., 2006) , where the 510 -22 -aacC1 gene within the mini-Tn7 was replaced by the cat gene. To this end, the PCR-amplified 511 cat gene (including its promoter) of pBR-FRT-Cat-FRT2 (Metzger et al., 2016) was cloned into 512 pGP704-mTn7-minus-SacI, which was digested using restriction enzymes SbfI and EcoRV. For 513 the insertion of this mini-Tn7 transposon into the Vibrio spp. chromosomes, a tri-parental mating 514 strategy was employed (Bao et al., 1991) . The donor plasmids are indicated in Table S1 . were log-transformed and significant differences were determined by the two-tailed Student's t-531 test. When no transformants were recovered, the value was set to the detection limit to allow for 532 statistical analysis. The E. coli killing assay was performed following a previously established protocol with minor 549 adaptions (Borgeaud et al., 2015) . The E. coli prey cells and the given predator cells were mixed 550 at a ratio of 10:1 and spotted onto membrane filters on pre-warmed LB and/or LBS agar plates (± 551 0.2% ara). After 4 h of incubation at 28°C (predator: V. fischeri) or 30°C and 37°C (as indicated 552 for the predators V. cholerae, V. alginolyticus, and V. parahaemolyticus), bacteria were 553 resuspended and serial dilutions were spotted onto antibiotic-containing LB agar plates to 554 enumerate the CFUs (shown as CFU/ml). Arabinose-uptake-deficient E. coli TOP10 and its 555 derivative TOP10-TnKan served as prey. Significant differences were determined by a two-tailed 556 Student's t-test on log-transformed data of at least three biological replicates. If no prey cells 557 were recovered, the value was set to the detection limit to allow statistical analysis. 558
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Motility assay 560
The motility of the Vibrio species was assessed by spotting 2 µl of the respective overnight 561 culture onto freshly prepared LB and/or LBS motility agar plates (containing 0.3% agar) with or 562 without 0.2% arabinose. Following the incubation at 30°C for 6h for V. cholerae, V. 563 parahaemolyticus, and V. alginolyticus, or at room temperature for 7h for V. fischeri, the 564 diameters of the bacterial swarming were determined. The motility induction was calculated by 565 dividing the swarming diameter of induced versus uninduced strains. The averages of at least 566 three independent experiments (± standard deviation) are provided. For statistical analyses, a 567 two-tailed Student's t-test was performed. 568 569
SDS-PAGE and western blotting 570
Cell lysates were prepared as described previously (Metzger et al., 2016) . In brief, after 571 cultivation with or without arabinose for 3 or 6 hours, bacterial cell pellets were resuspended in 572
Laemmli buffer, adjusting for the total number of bacteria according to the OD 600 values. 573
Proteins were separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis 574 and western blotted as described (Lo Scrudato and Blokesch, 2012). Primary antibodies against 575 Hcp (Eurogentec; (Metzger et al., 2016) ), GFP (Roche, Switzerland), and mCherry (BioVision, 576 USA distributed via LubioScience, Switzerland) were used at 1:5,000 dilutions, and E. coli 577 Sigma70 (BioLegend, USA distributed via Brunschwig, Switzerland) was used at a 1:10,000 578 dilution. Goat anti-rabbit horseradish peroxidase (HRP) and goat anti-mouse HRP (both diluted 579 1:20,000; Sigma-Aldrich, Switzerland) served as secondary antibodies. Lumi-Light PLUS western 580 blotting substrate (Roche, Switzerland) was used as an HRP substrate and the signals were 581 detected using a ChemiDoc XRS+ station (BioRad). 
